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Abstract: In many bridges, vertical displacements are the most relevant parameter for monitoring in the both short and long term. 
However, it is difficult to measure vertical displacements of bridges and yet they are among the most important indicators of structural 
behaviour. Therefore, it prompts a need to develop a simple, inexpensive and yet more practical method to measure vertical displacements 
of bridges. With the development of fiber-optics technologies, fiber Bragg grating (FBG) sensors have been widely used in structural health 
monitoring. The advantages of these sensors over the conventional sensors include multiplexing capabilities, high sample rate, small size 
and electro-magnetic interference (EMI) immunity. In this paper, methods of vertical displacement measurements of bridges are first 
reviewed.  Then, FBG technology is briefly introduced including principle, sensing system, characteristics and different types of FBG 
sensors. Finally, the methodology of vertical displacement measurements using FBG sensors is presented and a trial test is described. It is 
concluded that using FBG sensors is feasible to measure vertical displacements of bridges. This method can be used to understand global 
behaviour of bridge‘s span and can further develop for structural health monitoring techniques such as damage detection.  
Key words: Vertical displacement, structural health monitoring (SHM), bridge, Fiber Bragg Grating (FBG) sensors. 
1 INTRODUCTION 
In many bridges, vertical displacements are the most relevant 
parameter for structural health monitoring in both the short and 
long term. Bridges managers around the globe are always looking 
for simple ways to measure vertical displacements of bridges for 
structural health monitoring. 
Displacement Transducers such as linear variable differential 
transform (LVDT) displacement transducer are commonly used for 
displacement measurement. They provide high accuracy and high 
resolution. It is generally acknowledged that they can be used as a 
reference measurement. However, it is unsuitable to use for vertical 
displacement measurement of bridges because they require a 
stationary reference and most often it is impractical for an over-
water bridge. 
Levelling and trigonometrical levelling are the surveying methods 
to obtain the elevation and coordinate of points respectively. 
Vertical displacements of bridges can be determined by the 
elevation change. However, these methods are unsuitable for 
bridges under motion due to traffic or wind gust. 
Global Positioning System (GPS) is an emerging tool for 
measuring and monitoring displacement responses of bridges 
(Nakamura, 2000; Wong, Man, & Chan, 2001). The accuracies of 
dynamic displacement measurement of long span bridges using 
GPS are at a centimeter to millimeter level (Ashkenazi & Roberts, 
1997; Nakamura, 2000). However, the accuracy of GPS 
measurement depends on many factors such as data sampling rate, 
satellite coverage, atmospheric effect, multipath effect, and GPS 
data processing methods (Chan et al., 2006), which is not good 
enough to completely meet the requirements of structural health 
monitoring of bridges. Several surveying methods to increase the 
accuracy have been developed but post-processing of data is 
required. 
Due to the difficulties in the vertical displacement measurements of 
bridges, many researchers have been reluctant to consider their 
applications for monitoring structural health of bridges. However, 
vertical displacements are the most important indicators of 
structural behaviour. Therefore, it prompts a need to develop a 
simple, inexpensive and more practical method to measure vertical 
displacements of bridges for structural health monitoring. 
In recent years, with the advancement of fiber-optics technologies, 
fiber Bragg grating sensors have become more common to use in 
structural health monitoring(Chan et al., 2006; Tam et al., 2005) 
due to their outstanding advantages including multiplexing 
capability, immunity of electromagnetic interference and high 
resolution & accuracy. Hence, using fiber Bragg grating (FBG) 
sensors is proposed to develop a simple, inexpensive and practical 
method to measure vertical displacements of bridges. 
In this paper, FBG technology is briefly introduced first including 
its principle, sensing system, characteristics and different types of 
FBG sensors. The methodology of vertical displacement 
measurements by using FBG sensors is then presented and a trial 
test is described. Finally, conclusions and recommendations are 
provided. 
2 BACKGROUND OF FIBER BRAGG GRATING 
(FBG) SENSING TECHNOLOGY 
Fiber optical sensors, especially fiber Bragg grating (FBG) sensors 
are widely used in structural health monitoring of bridges because  
FBG sensors have all advantages normally attributed to fiber 
optical sensors. Besides, they are simple to fabricate, simple to 
interrogate/demodulate and easy to install. Hence, FBG sensors 
have become most prominent sensors to be used for structural 
health monitoring. Several detailed review papers about FBG 
sensing technology have been published (Hill & Meltz, 1997; 
Kersey et al., 1997; Vasil'ev et al., 2005). 
2.1 Principle of FBG sensors 
Bragg grating is a periodic structure of refractive index along the 
fiber core which is fabricated by exposing photosensitized fiber 
core to ultraviolet light. Common photowriting process is phase 
mask method (Singh, Jain, Aggarwal, & Bajpai, 2005), described 
in Fig. 01. When light interacts from a broadband source to the 
fiber, the grating wavelength is reflected, known as Bragg 
wavelength. Hence, some wavelength is missing in the transmitted 
light, as described in Fig. 02. 
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FIGURE 01: FBG fabrication process using phase mask method 
 
 
 
 
 
 
 
 
 
FIGURE 02: Principles and wavelength shift of FBG sensors 
 
 
 
 
 
 
 
 
FIGURE 03: Quasi-distributed sensor system using FBG elements 
(Kersey et al., 1997) 
The Bragg wavelength, λB, is related to the grating period, Λ, and 
the effective refractive index of the fiber, neff, by (Kersey et al., 
1997): 
λB = 2Λneff    (24) 
The changes in strain, ε, temperature, T, and pressure P of fiber 
grating alter both of the effective refractive index and the grating 
period. When the strain and pressure applied, the expansion or 
contraction of the grating periodicity and the photo-elastic effect 
will shift the Bragg wavelength. The temperature change causes 
the Bragg wavelength through thermal expansion and contraction 
of the grating periodicity and through thermal dependence of the 
refractive index. 
As the Bragg wavelength are cross sensitivities to strain, pressure 
and temperature, the total of Bragg wavelength shift is given by: 
ΔλB=Κεε+KTΔT+KPP   (25) 
where Κε, KT and KP are coefficients of wavelength sensitivity to 
strain, temperature and pressure. They are given by (Moyo, 
Brownjohn, Suresh, & Tjin, 2004): 
Kε=[1-0.5neff (ρ12-υ(ρ11-ρ12 ) )]λB  (26) 
KT=[1+ξ]λB    (27) 
KP=[-(1-2υ)/E+n
2 (1-2υ)(2ρ12+ρ11 ) /2E]λB (28) 
where, ρ11 and ρ12 are the components of the fiber optics strain 
tensor and υ is Poisson‘s ratio, ξ is the thermo-optics coefficient, 
E is Young‘s modulus, n is the refractive index. Nevertheless, they 
are affected by different applications and situations such as epoxy 
resin and attachment material. 
2.2 FBG Sensing System 
One of the distinct advantages of fiber Bragg grating (FBG) 
sensors is the multiplexing capacities. FBG can be easily 
multiplexed to measure at many locations is a kind of typical quasi-
distributed sensor as Fig. 03. In the same fiber, many gratings in 
different Bragg wavelength can be written at different locations, 
which can be measured simultaneously. As mentioned before, 
Bragg gratings are cross sensitivity to strain, pressure and 
temperature. 
2.3 Characteristics 
FBG can overcome conventional sensors disadvantages such as 
inability of multiplexing, limited to local (or point), or interfered 
by electric- magnetic interference (EMI). 
2.3.1 Multiplexing Capabilities 
Fiber Bragg grating (FBG) sensor, which can be easily multiplexed 
to measure strains at many locations, is a kind of typical quasi-
distributed sensor. Many gratings can be written in the same fiber 
at different locations and tuned to reflect at different wavelengths. 
This allows the measurement of strain at different places along a 
fiber using a single cable. Typically, ten gratings can be measured 
on a single fiber line in a single channel of sensing system. Hence, 
many sensors can be installed on a structure with minimum wiring. 
2.3.2 High Sample Rate 
Sampling rate of FBG sensors depends on the acquisition speed of 
FBG interrogator. In general, acquisition speed of a commercial 
FBG interrogator is from 1Hz to 1 kHz. For research purpose, it 
can be achieved up to 500 kHz (http://www.micronoptics.com). 
2.3.3 Small size 
Diameters of fibers with acrylate coating and polyimide coating are 
usually 250μm and 150μm, respectively, and the length of Bragg 
gratings are usually around 10 mm. Due to compact size, FBG can 
be used as replacement of conventional strain gauges. 
2.3.4 Electro-Magnetic Interference (EMI) Immunity 
As fibers are made by silica, FBG sensors provide a unique 
characteristic of multi-point EMI-resistant measurement. The 
measurement signals do not be affected by high voltage or electro-
magnetic interference. It is particularly suitable for outdoor 
application. 
2.3.5 Absolute Parameter of Wavelength 
As sensing parameter is the wavelength which is an absolute 
parameter, intensity loss of wavelength does not affect the 
measurement.  Hence, length of fibers could be achieved in term of 
kilometre that is suitable for structural health monitoring of bridges 
in remote control. 
2.3.6 High Resolution and Precision 
Resolution and accuracy of interrogating system can be achieved to 
1pm and 5pm, respectively. Converting to strain, they are about 
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resolution of 0.83µε and accuracy of 4.2µε in 1550nm of Bragg 
wavelength. 
2.3.7 Strain and Temperature Discrimination 
As FBG is cross-sensitivity of strain and temperature, both of strain 
and temperature changes induce the Bragg wavelength shift.  
Hence, it should be separated for accurate measurements of each 
variable. The common way is to use reference FBG which is 
isolated from one parameter, is placed near the FBG. 
2.4 Type of FBG Sensors 
FBG technology is applied to different measurements such as 
strain, curvature, displacement, temperature, acceleration and tilt 
angle. Calibration test is required to convert wavelength shift into 
strain measurement because it is affected by different parameters 
such as epoxy resin, temperature and structure‘s material. The 
sensors related to vertical displacement measurements are 
described below. 
2.4.1 FBG Strain Gauge 
As FBG sensor is installed on the surface of the specimen, it can 
only measure the surface strain difference at a point. The strain 
difference may be influenced by thermal expansion of painting of 
steel specimen or creep & shrinkage of concrete specimen. It 
cannot directly reflect the curvature of the specimen. Hence, FBG 
strain gauge is designed which a bare FBG is attached in tension on 
the designed package. They are dircetly mounted onto the 
sepcimen by fastener, spot weld or epoxy. Then, the curvature of 
the specimen can be determined by the measured strain. Besides, it 
can make fiber handling easy and sensor installation are fast and 
repeatable.  As cross-sensitivity of strain and temperature, some 
deigns include a free FBG for temperture discrimination. 
2.4.2 Inclinometer 
Inclinometer using FBG sensors has been reported to measure 
successfully the inclination from horizontal in one-axis (Chen, 
Wang, & Liu, 2008) and two-axis (Bao et al., 2010; Guan, Tam, & 
Liu, 2004; He et al., 2010).  Their performances have been 
investigated in laboratory. The accuracy and resolution can be 
achieved better than 0.1° and 0.007° (Guan et al., 2004). 
3 ALGORITHM 
3.1 Strain measurement 
FBG strain sensors could be arranged to measure the curvature of 
the section of a bridge. Firstly, wavelength shift of each FBG 
sensors along the beam are measured and then converted to strain.  
3.2 Calculation of the curvature at n longitudinal positions 
According to the geometric relationship of curvature and vertical 
displacement of a span of a bridge, vertical displacement curve 
v(x) can be derived by the curvature function k(x). Assuming the 
vertical displacement is very small comparing to the span, the 
derivation equation for the curvature and vertical displacement is 
given (Gere & Goodno, 2009): 
k(x) = d2v(x) /dx2    (29) 
The relation between strain ε and curvature k of a span of a bridge 
is given: 
k(x)=-ε(x)/y    (30) 
where, x is curvilinear abscissa along the beam and y is distance 
from the neutral axis. 
3.3 Solving curvature function 
As spans of bridges are commonly rigid structural element, the 
curvature curve can be assumed as a quadratic equation: 
k(xi) = axi
2 + bxi + c    (31) 
where, a, b and c are unknown constants. If more than three sensors 
are applied along the span, least square method is used to solve the 
equation. 
Determination of vertical displacement curve 
The vertical displacement curve are then determined by double 
integration of curvature function as in (9): 
v(x) = ∫∫ k(x) =ax4/12 + bx3/6 + cx2/2 + dx + e (32) 
where, d and e are integral constants. To solve them, the boundary 
condition is assumed as no displacement at support or using slope 
measurement. E.g. no displacement at both end support, assuming 
v(0)=0 and v(L)=0, then: e=0; and d=-aL3/12+bL2/6+cL/2. 
4 TRIAL TEST 
A steel beam was set up along with nine FBG strain sensors. The 
details are as follows: 
 Beam length: 1000mm; 
 Material:  stainless steel; 
 Section:  rectangular, 25mm (w) x 3mm (d); 
 Support condition: Fix support at both ends; and 
 Sensors location: 100, 200, 300, 400, 500, 600, 700, 
800, 900 mm along the beam. 
The nine bare FBG sensors are directly attached on the top surface 
of beam using epoxy resin, and an additional sensor is placed on 
the beam without epoxy resin for temperature compensation. The 
Bragg wavelengths of the FBG sensors are about 1550µm. 
A gravity point load (1053g) was applied at mid-span of the beam. 
The wavelength shift data were measured by interrogator (Fig. 04). 
 
 
 
 
 
 
 
FIGURE 04: Wavelength shift of the FBG sensors under loading 
The strains were then converted from wavelength shift (Fig. 05). 
 
 
 
 
 
 
 
FIGURE 05: Strain converted by wavelength shift of the FBG sensors 
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It is noted that the coefficient of wavelength sensitivity to strain, Kε 
is assumed as 1.2 pm/με. The vertical displacement of the beam 
was then determined by the proposed algorithm, shown in Fig. 06. 
It is distributed as to the Euler-Bernouli beam theory. 
 
 
 
 
 
 
 
 
FIGURE 06: Determined vertical displacement curve 
Although only three sensors strain measurement can solve the 
displacement function, it is observed that more than five sensors 
would have a better agreement data. 
5 CONCULSION AND RECOMMENDATION 
The algorithm of the vertical displacement measurements of 
bridges is presented. From the preliminary study, using FBG 
sensors are feasible to measure vertical displacements of bridges. 
Besides, this method is simple, inexpensive and practical to 
measure vertical displacements of bridges. This method can be 
used to understand global behaviour of bridge‘s span and can 
further develop for structural health monitoring techniques such as 
damage detection. 
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